The dynamic and versatile nature of diseases such as cancer has been a pivotal challenge for developing efficient and safe therapies. Cancer treatments using a single therapeutic agent often result in limited clinical outcomes due to tumor heterogeneity and drug resistance. Combination therapies using multiple therapeutic modalities can synergistically elevate anti-cancer activity while lowering doses of each agent, hence, reducing side effects. Co-administration of multiple therapeutic agents requires a delivery platform that can normalize pharmacokinetics and pharmacodynamics of the agents, prolong circulation, selectively accumulate, specifically bind to the target, and enable controlled release in target site. Nanomaterials, such as polymeric nanoparticles, gold nanoparticles/cages/shells, and carbon nanomaterials, have the desired properties, and they can mediate therapeutic effects different from those generated by small molecule drugs (e.g., gene therapy, photothermal therapy, photodynamic therapy, and radiotherapy). This review aims to provide an overview of developing multi-modal therapies using nanomaterials ("combo" nanomedicine) along with the rationale, up-to-date progress, further considerations, and the crucial roles of interdisciplinary approaches.
Introduction
Cancer treatments have been significantly refined due to an increased awareness of the molecular, cellular, and physiological mechanisms involved in the initiation and progression of the disease [1] . Chemotherapy is one of the most commonly utilized cancer treatment methods, and it is often accompanied by systemic side effects mainly attributed to nonspecific drug accumulation [2] . As a result, chemotherapy patients often suffer adverse side effects associated with overdose because safe dosages may not completely eradicate tumors [3] . Combination therapy seeks to increase cancer eradication efficacy without amplifying systemic toxicity while simultaneously overcoming drug resistance [4] . In order for this to be accomplished, the therapeutics must synergistically work on different but inter-related oncogenic signal transduction pathways. Therefore combination therapies can be used in order to enhance therapeutic efficacy and decrease drug resistance by targeting a single oncogenic pathway through different modes of action or across multiple interrelated pathways.
One of the greatest challenges to successfully treating cancer is intratumoral genetic heterogeneity [5] . Clonal heterogeneity drives cancer progression and metastasis, and can dynamically affect the biology of the tumor as a whole [6] . Furthermore, the genetic diversity in solid tumors often results in temporary, limited responses to chemotherapeutics, which allows for various mechanisms of resistance to form [7] . Resistance mechanisms often alter the addiction pathway to allow for cancer to thrive through the initial oncogenic route and include bypass measures where a parallel signaling pathway is activated [8] . Combination therapies can serve to counter these resistance mechanisms by concurrently targeting multiple components in a single pathway or across parallel pathways. The co-delivery of multiple drugs can modulate the genetic barriers responsible for cancer cell mutations and can suspend the cancer adaptation process.
It is crucial to carefully consider the vast complexities of signaling pathways and the genetic diversity of each cancer when combination therapies are developed. Determining a truly synergistic therapy regimen requires in-depth evaluation of these pathways. High-throughput screening has provided a highly effective method to determine successful combinatorial therapies [9] . Likewise, screening tumor cells for loss/ gain of function across the genome leads to the identification of critical silencing or over-expression involved in drug resistance [10] . Another key consideration in combination chemotherapy is the pharmacokinetic profiles of the drugs and more specifically, optimizing the combination and delivery mechanism. Nanotechnology serves to advance cancer therapy by co-delivering multiple payloads, enhancing transport properties, improving biodistribution, normalizing accumulation, and optimizing release profiles [11, 12] .
The development of enhanced transport systems has revolutionized the approach to improving chemotherapy, and the field of nanotechnology is helping to pave the way [13] [14] [15] . Through the utilization of various nanoformulations, many of the issues associated with the use of free drugs have been addressed via tunable release of therapeutics, enhanced pharmacokinetic and pharmacodynamic profiles, modifications for superior targeted delivery, and ease of incorporation of multiple agents with differing solubility profiles [16] [17] [18] . Tunable release has been a major component of the recent boom in nanomedicine research, as stimuli-responsive carriers are optimized to release payload only upon certain cues either intracellularly or within the microenvironment of tumors and can potentially lower systemic toxicity of chemotherapeutic agents [19] [20] [21] . Commonly utilized triggers for payload release include a slightly acidic pH in the microenvironment, overexpression of specific enzymes, localized hyperthermia, and increased levels of glutathione within the cell [22] [23] [24] [25] [26] [27] . Moreover, heightened control over release has grand implications on rational combinatorial therapies since co-delivery does not always imply simultaneous release, and ordered release of multiple therapeutic agents may achieve maximally synergistic effects [28] [29] [30] .
The question arises whether co-formulated chemo-combination treatments will be enough to surmount drug resistance and genetic mutations. With the dynamic, complex nature of cancer constantly rerouting to new pathways or altering existing ones, it seems that resistances may eventually form against combinatorial treatments and cancer will persist. However, physical destruction in combination with agents can achieve cancer cell destruction by several different modes on alternative survival pathways and increases the likelihood of cancer eradication [31, 32] . The use of external stimuli such as near-infrared light, ultrasound, radiation, and magnetic fields can provide an alternative method of cancer treatment with the proper nanomaterials while simultaneously releasing payload only within target regions [33, 34] . Multi-modal cancer therapy utilizing chemotherapy and multifunctional nanomaterials has been shown to significantly increase the efficacy of a cancer treatment and potentially offers a better solution for overcoming resistance to chemotherapeutic agents [35, 36] . This review seeks to explore some present challenges of tumor heterogeneity and resistance, benefits of combinatorial treatments, and focus on utilizing advanced nanomaterials to combat cancer from all possible angles.
Rationale for combination therapy

Challenge: drug resistance and the role of tumor genetic diversity
The emergence of next generation sequencing marked the dawn of personalized medicine and has enabled the development of targeted therapies that can potentially overcome drug resistance that is either present prior to treatment (intrinsic resistance) or in adaptation to treatment (acquired resistance) [37] . The genetic diversity in solid tumors often results in temporary responses to chemotherapeutics, followed by resistance through various mechanisms [38] . Intratumor heterogeneity generally enables drug resistance through an adaptive response at the cellular level, however alterations in the microenvironment of a tumor that limit drug absorption and/or delivery may also play a role [39] [40] [41] . In the former case, drug resistance may develop through several different routes: inactivated chemotherapeutics within the cell, changes in drug efflux/influx (severely impacting the intracellular drug concentration), activated repair pathways for reversed drug effects, vitalized parallel signal transduction pathways counteracting the drug action, and mutated drug targets rendering the drug ineffective ( Fig. 1) [42] [43] [44] [45] [46] . Resistance mechanisms can be overcome through the usage of combinatorial agents concomitantly tackling various routes of cell survival (e.g., cell metabolism) to synergistically kill cancerous cells. For example, a new metabolic analysis indicates that ovarian cancer may be susceptible to multidrug cocktails, particularly if the amounts of the drugs can be tailored to match the metabolic profile of a patient's tumor [47] . By measuring the ratio of glutamine amounts externally taken in to internally produced, prognosis could be determined, in that a high ratio directly correlated to tumor aggression and metastasis. Using a multidrug combination therapy of a glutaminase inhibitor with a STAT3 inhibitor, cell proliferation significantly decreased.
Re-routing of signal transduction pathways in response to therapy and selection of resistant subclones are two main components of acquired resistance [48] [49] [50] . At any given time, the degree of clonal diversity may be an indicator of risk for further disease progression depending upon the variation of subclones (Fig. 2) [51] [52] [53] [54] . Cancer chemotherapeutics often initiate directional selection, and the mechanisms of resistance may vary depending upon the drug target [54] [55] [56] . While it is speculated that single targeted therapies may not be enough to surmount the dynamic nature and adaptive capacity of tumor cells [57] , rational combinatorial therapies have the potential to overcome these resistance mechanisms with additional advantages such as blocking multiple survival pathways. It was recently found that as drug resistance occurs, tumor cells acquire stem cell-like properties giving them the capacity to survive throughout the body and essentially ignore the drugs [58] . In a study on acquisition of resistance against tyrosine kinase inhibitors (TKIs), the molecular pathway that facilitates pluripotency of tumor cells and drug resistance was delineated, and existing drugs that exploit this pathway (e.g., bortezomid) were identified. Bortezomid not only reversed stem cell-like properties of tumors, but also appeared to re-sensitize erlotinib-resistant tumors. Treatments based solely upon resistance-conferring mutations are insufficient due to the complex dynamics and heterogeneity of cancer. Targeting a subclonal driver mutation could also cause an acceleration of growth Fig. 1 . Various mechanisms through which cancer cells gain drug resistance include: lowered intracellular concentrations of therapeutics by activated drug efflux pumps and mutations in drug influx pumps, ineffective treatment upon mutations in drug targets, reversed destructive effects of chemotherapeutics via activated DNA repair pathways, and activation of parallel signaling pathways to compensate for inhibited pathways. Fig. 2 . Drug resistance led by heterogeneity within a primary tumor through an evolutionary response to the treatment and/or mutations originating from the therapy. Chemotherapy may lead to an outgrowth of a subclone that is non-responsive to the treatment, and depending on the type of therapeutic, may induce mutations that result in resistance to other treatments as well.
in other clones. For example, BRAF, KRAS, and NRAS mutations can be subclonal in multiple myeloma, and the use of BRAF inhibitors can activate ERK signaling in BRAF wild-type cells [59] . A computational prediction used to optimize therapeutic combinations specifically to treat tumor heterogeneity found that knowledge of the dominant subclones alone is often insufficient for selecting certain drug combinations. Additionally, it is not always the case that the optimal combination will be comprised of drugs that are known to be the most effective against specific subpopulations. Not only high levels of heterogeneity in a tumor, but also distinct profile differences in patients make monotherapies more and more challenging. Knowing that further mutations may render the treatment ineffective, it may be more costly, in regard to both time and money, to develop personalized medicine targeting specific tumor subclones. Instead, multi-modal treatments could be a more plausible and reliable solution to overcome drug resistance and tumor heterogeneity.
Simultaneously targeting major oncogenic pathways by multiple chemotherapuetics
Chemotherapy continues to be the first-line treatment for most cancers, and more targeted therapeutics are moving forward in research and clinical application [2, 37, 60] . The co-administration of classic cytotoxic agents with those specifically targeting enzymes in the cancer addiction pathways has shown promise in the clinical setting [61] [62] [63] [64] . Combination therapies using two or more therapeutic agents targeting specific pathways can synergistically eradicate cancer and halt tumor growth, however certain combinations may be more detrimental or quality of life may decrease despite an increase in survival time [65, 66] . There are currently hundreds of combination therapies undergoing clinical evaluation, and Table 1 lists several examples of recently completed Phase III clinical trials [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] . Targeting multiple constituents within a single pathway may allow for a maximum inhibition of that particular signaling network, possibly even a complete shutdown [78, 79] . However, parallel pathways rescuing the inhibited pathway could be activated, and combinatorial treatment may be used in this case as well [8] .
The key signaling networks that promote and sustain cancer (e.g., RAS/RAF/MEK/ERK and PI3K/Akt/mTOR pathways) hold significant targets for combination treatments, and a plethora of inhibitors have been developed for enzymes within these pathways [80] . Monotherapies often fail over time due to the prevailing mutations common to components in the key signaling pathways and their interchangeable nature [81] , making combination therapy nearly a necessity. RAS is the most commonly mutated oncogene, and direct KRAS inhibition has been unsuccessful without co-treatment with additional therapeutics [82] . Mutations in endothelial growth factor receptors (EGFRs) and their overexpression are major contributing factors to oncogenesis and tumor growth/proliferation [83] [84] [85] [86] . The use of combination, EGFR-targeting therapies is gaining headway due to increased resistance to EGFR-targeted monotherapies in lung, head and neck, and colorectal cancers [87, 88] . Upregulated VEGF/VEGFR expression is frequently found in tumor tissue, but VEGF antibodies and VEGFR-TKIs have limited antitumor efficacy as monotherapies and are enhanced by co-treatment with other therapeutics [89] . Conversely, conventional chemotherapy is typically associated with upregulation of VEGF/VEGFR expression so concomitant administration of classic chemotherapeutics with antiangiogenic agents seems justified [90] .
Cell proliferation, differentiation, and development are all initiated within the RAS/RAF/MEK/ERK pathway, thus it often sustains multiple mutations in various cancer types [91] . MEK1/2 inhibitors used with EGFR or VEGFR TKIs have demonstrated growth inhibition, antiangiogenesis, and curbed metastasis. Resistance to a BRAF inhibitor (BRAFi) dabrafenib, attributed to mutations in NRAS or MEK, was restored when melanoma cells were co-treated with dabrafenib and a MEK inhibitor (MEKi) trametinib [92, 93] . This combination treatment was subsequently approved by the FDA in 2014 for therapy for advanced melanoma. Inhibition of the BRAF (V600E) oncoprotein in colon cancers was shown to cause continued proliferation due to rapid feedback-triggered EGFR activation, and combination therapy consisting of BRAF and EGFR inhibitors demonstrated high synergism both in vitro and in vivo [94] . It was found that BRAFi induces metastasis in RAS mutant melanoma cells or BRAFi-resistant melanoma cells through stimulating MEK and ERK signaling. By combining BRAFi with MEKi, the induced metastasis was prevented [95, 96] . Multiple myeloma cells are often able to survive by increasing Mcl-1 production, causing high resistance levels to bortezomib, a proteasome inhibitor commonly used for relapsed multiple myeloma patients [97] . A novel drug combination of a checkpoint kinase 1 inhibitor (Chk1i) with a MEKi effectively reduced Mcl-1 expression [98] . Exposing multiple myeloma and leukemia cells to Chk1i activated a protective response through the Ras/MEK/ ERK signaling pathway. Chk1i prevents cells from arresting in stages of the cell cycle that facilitate the repair of DNA damage, while MEK inhibitors prevent cells from activating a variety of proteins that regulate DNA repair processes and promote the accumulation of pro-apoptotic proteins [99] . [77] Multiple mechanisms in PI3K/Akt/mTOR pathway are often hyper activated in many cancers for protein synthesis, cell survival and proliferation, and glucose metabolism, necessitating targeted combination therapies against adaptive resistances in the pathway [100] [101] [102] . Combination therapies using multiple PI3K/Akt/mTOR pathway inhibitors have been extensively evaluated both in the clinical setting and preclinical studies and resulted in greatly varying antitumor efficacies [103] [104] [105] [106] . For example, co-treatments targeting HER2 and mTOR demonstrate high efficacy, whereas co-inhibition of EGFR and mTOR did not. PI3K inhibitor (PI3Ki) resistance in breast cancer xenograft models was overcome by combination of PI3Ki and CDK4/6 inhibitors with effectively constrained tumor growth [107] . The study also suggested that the combination may be synergistic in different genomic backgrounds and can block the multiple cyclinD1-and CDK4-activating mechanisms for inhibited growth and proliferation of PI3Ki resistant cells. Simultaneous co-inhibition of RAS/RAF/MAPK and PI3K/AKT/mTOR pathways has emerged as a popular scheme for combination therapy [108] [109] [110] . Targeting these two pathways may be particularly effective in cancers attributed to mutations in PI3K and either KRAS or BRAF [108] . In ovarian clear cell carcinoma, inhibition of a downstream target of mTOR and HIF-1 activated the RAS pathway via MEK phosphorylation, and combination therapy using inhibitors of MEK and mTOR simultaneously synergistically eradicated HIF-1α-silenced cells [111] .
Multiple inhibitions within a single pathway can be upended once the cancer cell switches to an alternative pathway, so combination therapies targeting parallel pathways may be the optimum approach. Another tactic is preventing cross-talk between multiple growth factor receptors (GFRs). For example, two new tetra-specific antibodies recognizing EGFR, HER2, HER3, and VEGF inhibited multiple receptor signaling both in vitro and in vivo [112] . Additionally, cross-talk between HER and MET pathways was disrupted with higher efficacy than bispecific antibodies in multiple tumor models. The extensive degree of crosstalk between EGFR and VEGFR pathways found in cancer makes them a promising target for combination therapies [113] .
Targeting constituents within the tumor microenvironment
In addition to the major intracellular oncogenic pathways, the tumor microenvironment (TME) consists of key components contributing to tumor growth and proliferation such as various immune and inflammatory cells, blood and lymphatic endothelial cells, cancer associated fibroblasts, and bone marrow-derived mesenchymal stem cells [114] . Targeting these factors has become a focal point in developing new drug therapies and improving upon existing treatments such as VEGFdependent antiangiogenic agents which have moderate impact as monotherapies [115] . Formation of new blood vessels to fuel tumor growth depends upon the interaction of the cancer cells with the TME angiogenic components, i.e. fibroblast growth factor, angiopoietins, placental growth factor, inflammatory cells, and matrix metalloproteinases [116] [117] [118] [119] [120] . Serum angiopoietin-2 was recently shown to induce resistance to VEGF inhibitors in differentiated thyroid and endometrial cancer, and combination therapy consisting of lenvatinib and golvatinib to target VEGFR1-3 and angiopoietin-2, respectively, demonstrated effective inhibition of pericyte network development [121] .
Inflammation has been directly linked to various cancers as having a causative effect [122, 123] . Inflammatory responses to exposures of p53-activating chemotherapeutic drugs were measured in immune cells from the blood and lungs of healthy volunteers [124] . Various proinflammatory genes had enhanced expression after exposure to the chemotherapeutics which required both p53 and NF-κB. Depending on the microenvironment, the secretion of these factors has distinct effects such as promoting inflammation in normal tissues upon injury and modifying cancer cell responses in the tumor microenvironment. It was suggested that systemic treatment with p53-activating chemotherapeutics might enhance antitumor responses of normal macrophages without augmenting pro-tumor functions of tumor associated macrophages (TAMS). The hypoxic nature of the TME determines the types of inflammatory cells that infiltrate, typically favoring those that depend on the glycolytic pathway for survival [125, 126] . Certain phenotypes of the TAMS and neutrophils are largely associated with promoting tumor cell growth, and NF-κB signaling plays a key role in controlling these phenotypes [127] . Furthermore, NF-κB activation in infiltrating leukocytes results in a pro-inflammatory cytokine cascade that drives cell proliferation [126] , making it a desirable candidate for drug targeting [128] . Protein kinase CK2 inhibitor CX-4945 was shown to inhibit NF-κB and AKT pro-survival signaling in human head and neck squamous cell carcinomas cell lines and xenograft models while simultaneously enhancing activation of the ERK-AP-1 signal pathway [129] . While CX-4945 alone showed modest anti-tumor activity, combination with MEK inhibitor PD-901 demonstrated enhanced anti-tumor activity in vivo. However, it is important to recognize that immune deficiency from prolonged NF-κB inhibition can cause severe side effects as well [130] .
Cancer-associated fibroblasts (CAFs) are a subpopulation of cells within the TME known to promote angiogenensis, tumorigenecity, and metastatic dissemination of cancer cells [131] . Furthermore, CAFs express fibroblast activation protein (FAP), a type II transmembrane protein that is overexpressed in over 90% of CAFs associated with colon, breast, and lung carcinomas [132] . Poor intratumoral uptake of chemotherapeutic agents has been associated with expression and organization of collagen type 1, which is mainly produced by FAP [133] , and treatment with anti-FAP antibodies or siRNA against FAP has shown to suppress pro-tumorigenic activity [134] . An oral DNA vaccine targeting FAP suppressed primary tumor cell growth and metastasis, decreased collagen type I expression, and increased drug uptake by 70% [135] . In pFAP-vaccinated mice, there was a 3-fold prolonging of lifespan and significant tumor growth suppression, demonstrating the efficacy of combining chemo-and immunotherapies to fight cancer. Cancer stem cells (CSCs) are an attractive target for combination therapy as well, since CSCs reside within specific niches and contribute to tumor relapse and drug resistance [136, 137] . Various CSC properties such as metabolism, TME interactions, epigenetic states, quiescence, self-renewal, lack of differentiation, quiescence, and deregulation of apoptotic/survival pathways have been exploited to synergistically enhance chemotherapy through combination therapy [138] . For example, targeting the developmental pathway associated with tumor type pathogenesis, Hedgehog pathway, boosted efficacy of TKI inhibitor Imatinib while increasing survival time in a chronic myeloid leukemia murine model [139] .
Considerations for effective combinations
By tackling multiple targets, combinatorial treatments aim to improve the therapeutic index either through increased efficacy and overcoming resistance or through similar efficacy with reduced systemic toxicity. In order to construct an effective combination therapy, the pharmacokinetics of each therapeutic agent must be investigated along with the biology of the target tumor. Most importantly, the combination of multiple therapeutic agents must generate a synergistic effect, ideally at lower doses than typical doses of each individual compound (Fig. 3 ) [140, 141] . Two drugs are synergistic when the combinatorial efficacy is greater than that of the sum of the individual agents. The combination index (CI) and median effect equation (Eqs. (1) and (2), respectively) are two mathematical indicators for drug synergy, more accurate than a simple efficacy summation [141] [142] [143] .
where D θ and D x , θ represent concentration of drug used in combination to achieve x% effectiveness and concentrations of single drug to achieve x% drug effect, respectively.
where f a /f u , D, D m , and m represent fraction affected/fraction unaffected, dose, median-effect dose, and kinetic order, respectively. Merging the median effect equation with the CI equation led to the quantitative definitions for analyzing drug synergism, where CI of less than, equal to, and more than 1 indicates synergy, additivity, and antagonism, respectively [141] . Corresponding doses to each effect level can be used to determine whether combinations are synergistic (CI b 1), antagonistic (CI N 1), or additive (CI = 1). Synergy analysis is critical in determining proper therapeutic combination to avoid additive effects, in which case systemic toxicities typically increase [144] . Confirming and understanding a truly synergistic therapy regimen requires in-depth evaluation of the cancer-driven pathways and their individual components. Ratios of therapeutic agents must be optimized based upon quantitated synergy with each other [145] . Three different drug combinations taken from various drug classes (irinotecan/floxuridine, cytarabine/daunorubicin, and cisplatin/daunorubicin) were evaluated for ratio-dependent synergy. It was found that only specific drug ratios (1:1, 5:1, 10:1, respectively) yielded in vitro synergy, otherwise the interactions were deemed additive or antagonistic [146] .
Simultaneous administration of multiple drugs with different molecular targets can modulate the genetic barriers responsible for cancer cell mutations, suspending the cancer adaptation process [147] . Effective combinations may often be found when one drug can serve to heighten or re-introduce sensitivity of the cancer cells to an existing therapy. For example, effective therapy for advanced, postmenopausal estrogen receptor-positive (ER+) breast cancer, a subtype accounting for approximately 70% of all breast cancers, can be achieved by coadministration of hydroxychloroquine (HCQ) and tamoxifen (TAM) [148] . TAM is a commonly used estrogen blocker, in breast cancer but many patients become unresponsive to or develop resistance to it [149] . Oral administration of low-dose HCQ along with TAM and/or Falsodexin in female athymic mice, which bearing TAM-resistant MCF7-RR and antiestrogen (ICI)-resistant/TAM cross-resistant LCC9 ER + breast cancer cells in mammary fat pads, restored antiestrogen sensitivity. In metastatic colorectal cancer, SET protein deregulation is implicated in promoting cell growth and colonosphere formation and inhibiting antitumor effects of protein phosphotase 2A (PP2A) [147] . Furthermore, SET de-sensitizes colorectal cancer cells to oxaliplatin, is overexpressed in over 24% of patients, and is associated with shorter overall and progression-free survival. FTY720, an activator of PP2A, restored sensitivity to oxaliplatin when used as a combinatorial treatment [147] .
Nanotechnology for combination therapy
Application of nanotechnology is becoming increasingly prevalent in drug delivery for cancer therapy, particularly in combinatorial treatments [11] . Nanocarriers help prevent drug degradation by evading the reticuloendothelial system (RES) and increase the bioavailability of the therapeutic agents at the target site [150] [151] [152] . In turn, adverse systemic side effects often decrease, while efficacy of the drug is enhanced. The most important advantage of drug delivery systems, which cannot be easily replaced by other means, is co-delivery of multiple therapeutic agents on the same platform in a timely and spatially controlled manner, resulting in normalized pharmacokinetics and pharmacodynamics of multiple therapeutic agents [29] .
Optimal design of delivery systems for combination therapy
Nanomaterials have shown to be extremely useful for co-delivery of multiple chemotherapeutic agents, and dynamic materials can achieve maximum therapeutic effects through multi-modal cancer treatments [11, 12] . Developing a suitable carrier for chemically dissimilar agents is often the first step toward an effective delivery, and drug loading is highly dependent upon the size and structure of the delivery method [153] . Liposomes, double emulsion surfactants, micelles, self-assembled polymers, and hydrogels as shown in Fig. 4 are some examples of micro-and nano-sized delivery systems commonly used for co-delivery of therapeutic agents [154] . Drugs may be covalently conjugated to polymers or peptides, loaded into nanoparticles via nanoprecipitation, emulsion, solvent evaporation, or soft lithography [155] . Biodegradation of a carrier and diffusion are two processes directing drug release from a nanocarrier, with the release rate depending upon drug desorption and diffusion through the NP matrix/matrix erosion [156] . Therefore, selection of specific materials can determine key drug delivery parameters such as ratios and release times. A cholesterol-based, biodegradable, non-toxic chimeric nanoparticle was recently designed to codeliver Doxorubicin (DOX), PI3K inhibitor PI103, and cisplatin in a controlled ratio through chemical conjugation [157] . The nanoparticles demonstrated enhanced in vitro toxicity compared to the coadministration of the free drugs in HL60, MCF7, and MDA-MB-231 cancer cells. A nanoscale coordination polymer, constructed through self-assembly processes of polydentate bridging ligands and metal ions/clusters, was recently used as a novel carrier to co-deliver oxaliplatin (30 wt.%) and gemcitabine (12 wt.%) [158] . The combination therapy demonstrated enhanced antitumor efficacy in human pancreatic ductal adenocarcinoma xenograft mouse models, with the NPs exhibiting biodegradability, low toxicity, and long blood circulation half-lives. Incorporation into a macromolecular platform often results in prolonged circulation of multiple drugs in nanocarriers and allows for synergistic dosing by extending the therapeutic window [159] .
Specific and effective combination therapies often necessitate triggered drug release in response to external or internal stimuli [160] [161] [162] [163] [164] [165] . Ideal NPs with high selectivity toward cancerous cells, accompanied by targeted drug release in response to distinctive characteristics such as slightly acidic pH in the tumor microenvironment or overexpressed receptors, can decrease the minimally required dosage of therapeutics. For example, "nano-cocoons" were made from a single strand of self-assembled DNA with an acid-cleavable core containing DOX-and DNase [166] . The cocoons targeted cells overexpressing folic acid receptors, and DOX was selectively released from the DNA cocoon upon exposure to endosomal pH. Liposomes holding an ATP- Fig. 3 . Tumor heterogeneity and resistance formation, two major obstacles found in cancer treatment development, challenge treatments using a single therapeutic agent. Combination therapies are clinically beneficial due to synergistic effects of lowering the required dose, hence side effects, and increasing therapeutic efficacy.
responsive, DOX-containing scaffold were paired with complementary liposomes encasing ATP to initiate drug release within endosomal pH [167] . The specific release of DOX resulted in enhanced antitumor efficacy over that of the free drug in MCF-7 cancer xenograft nude mice. The same group also developed spherical NPs that encapsulated a complex of DOX, ATP-responsive DNA, and protamine for selective release of DOX [168] . The resulting NPs released DOX intracellularly in response to high ATP levels and demonstrated cytotoxicity against MDA-MB-231 cells and xenograft tumors.
Overexpressed proteins in the tumor microenvironment can aid in selective therapeutic release. For example, viral capsids were genetically engineered with peptides to be cleaved by matrix-metalloproteinases [27] . The nanonodes were designed for the virus to be activated only in the presence of two different proteases, therefore demonstrate high control over release under certain conditions, and can be fabricated to target proteases overexpressed in tumor microenvironment. Likewise, overexpression of matrix-metalloproteinase 9 in lung tumors was utilized to release cisplatin and bortezomid from avidin-capped mesoporous silica NPs [169] . The avidin caps were cleaved only by these proteinase, and therefore controlled release and synergistic therapeutic effects were observed in vitro and ex vivo. To treat EGFR-expressing wild-type KRAS metastatic colorectal cancer, oxaliplatin was incorporated into liposomes conjugated with cetuximab on the surface [170] . Liposomes with cetuximab linked to the surface demonstrated up to a 3-fold higher level of intracellular drug delivery in cells overexpressing EGFR.
Multiple agents may be released concomitantly or in sequence, depending upon the desirable kinetics and timing of drugs, and the formulation within the nanocarrier [171] [172] [173] . For example, Epigallocatechin gallate (EGCG) and Paclitaxel (PTX) were co-formulated within a targeted core shell PLGA-casein nanoparticle to be released in sequence to allow for NF-κB downregulation and enhanced activity of PTX [174] . Certain NF-κB-inducible genes have been shown to protect MDA-MB-231 human breast cancer cells against Paclitaxel [175] , and EGCG has demonstrated down-regulation of NF-κB amongst other key regulatory proteins [176] . The nanoparticles re-sensitized PTX-resistant human breast cancer cells to PTX, afforded substantial cytotoxicity, and repressed expression of P-gp [174] . The nanoparticles also inhibited NF-κB activation and down-regulated several significant genes associated with angiogenesis, tumor metastasis and survival.
Utilization of a nanoparticle carrier can effectively transport two therapeutics that have different chemical properties, such as hydrophobicity vs hydrophilicity [177, 178] . For example, a drug-containing monomer, g-camptothecin-glutamate N-carboxyanhydride (Glu(CPT)-NCA), was directly polymerized onto a poly(ethylene glycol) (PEG)-based chain to form monodispersed nanoparticles (NPs) through selfassembly, and DOX was subsequently loaded in [179] . An in-vivo study showed improved antitumor activity over free drugs via enhanced accumulation of the nanocarriers in the tumor site. A thermosensitive, multi-compartment, and injectable hydrogel was engineered using assembly of PEGylated fluorocarbon and PEGylated hydrocarbon nanoparticles [180] . The injectable material incorporated PTX and DOX separately and released simultaneously to achieve a synergistic effect in vitro and in vivo in human breast carcinoma cells and xenograft mouse models, respectively. Nanomaterials are highly versatile and adaptable, making for excellent platforms to achieve co-delivery of multiple therapeutics. Various formulations such as liposomes, polymer microcapsules, microspheres, and polymer conjugates are in clinical development or are even FDA-approved [153] . As with any novel therapy, factors such as production cost, scalability, safety, and complexity of nanoformulations must be considered and weighed against the potential benefits. In certain cases co-formulation within a single platform may not be feasible or clinically beneficial, so one alternative may be co-administration of nanomedicines.
Combined gene and chemotherapy
Gene therapy helps eliminate cancer by delivering nucleic acids to express pro-apoptotic proteins or substitute mutated genes, downregulate or silence oncogenic pathways, produce anti-cancer cytokines, and activate the immune system against cancer (e.g., engineered T cells with chimeric antigen receptors [CARs]) [181, 182] . One approach to treating cancer using combined gene and chemotherapy is to administer gene therapy against a drug resistance pathway [183] . One of the challenges associated with this approach is the co-delivery of nucleic Fig. 4 . Various nanoformulations for co-delivery of therapeutics with normalized pharmacokinetics and pharmacodynamics, including self-assembled nanoscale coordination polymer [158] , cholesterol-based chimeric nanoparticle [157] , thermosensitive hydrogel [123] , mesoporous silica nanoparticle [125] , and liposomes [124] .
acids and small molecule drugs because of their significantly different physico-chemical properties [184] . Attempts to develop nanocarriers for co-delivery of small interfering RNA (siRNA) and small molecule drugs continue to grow, particularly in recent years [185] . Combined gene and chemotherapy requires nanocarriers to be inert in nature, non-immunogenic, non-toxic, capable of effectively condensing and immobilizing nucleic acids, and encapsulating small molecules [186] .
Drug resistance can occur through various means, which is why combating this process requires a multi-faceted approach such as combined gene and chemotherapy [187] . For example, drug resistance associated with P-glycoprotein (P-gp) drug efflux pump that is activated primarily by the MDR-1 gene can be reversed by RNA interference (RNAi) against P-gp [188] . Although P-gp-associated drug resistance may be overcome solely by endocytic delivery using nanomaterials [189] , siRNA against MDR-1 in combination with therapeutics shows enhanced efficacy over nano-formulated drugs alone [190] . Multifunctional mesoporous silica NPs loaded with DOX and siRNA against P-gp drug efflux pump demonstrated enhanced capability to overcome drug resistance in breast cancer models in vitro and in vivo. In another recent study, assembly of a nanocomplex, consisting of MDR-1 siRNA and a dextran-based polymer, was loaded with DOX and showed a significant increase in DOX uptake by MDR cells and reversed drug resistance in osteosarcoma [191] . For combating drug resistance irrelevant to efflux pumps, RNAi against cell survival pathways, transcription factors, and anti-apoptotic proteins can be utilized. For example, myeloid cell leukemia-1 (Mcl-1) and B-cell lymphoma-2 (Bcl-2) proteins, which are often overexpressed in many cancers, interfere with apoptosis and induce drug resistance, making them promising targets of RNAi. TP53, the p53 tumor suppressor gene, is commonly mutated in various cancers, and restoration of its function promotes antitumor effects [192] . miR-34a, a p53-regulated miRNA, can stimulate the p53 pathway and re-establish the downstream effects [193] . In a murine mouse model of lung cancer, a lipid/polymer nanoparticle delivering miR-34a slowed tumor growth [194] . Additionally, a KRAS-targeting siRNA was shown to decelerate tumor growth as well. Formulated into the same nanoparticle, the combination of both the miRNA and siKRAS caused the regression of tumors and a 50% reduction of size. Furthermore, when combined with traditional treatment of cisplatin, the NPs extended life by an additional 25%. Co-delivery of a chemotherapeutic agent along with siRNA against one or more of the aforementioned targets could synergistically induce the apoptosis of cancer cells (Fig. 5). 
Physically enhanced chemotherapy
Multi-modal treatments have the advantage of eradicating cancer through processes which are infallible and inescapable. Physically activated modalities (e.g., photothermal, photodynamic, radio-, and magnetically assisted therapies) also offer a synergistic approach to eradicating cancer by generating a broad range of various therapeutic effects, upon receipt of an external trigger (e.g., laser, NIR, x-ray, and magnetic field). Drugs or nucleic acids alone are incapable of producing effects which cancer cells do not develop resistance via mutations such as tumor ablation (Fig. 6) . Nanocarriers used in physically enhanced chemotherapy are summarized in Table 2 .
Combined photothermal and chemotherapy
Inducing hyperthermia in the body tissue is a method used to kill cancer cells effectively in a target area [195] . However, traditional hyperthermia is usually invasive, non-uniform, and the desired therapeutic efficacy without non-specific cell damage requires sophisticated temperature control [196] . Various nanomaterials with a highabsorption cross-section for converting an external energy source (e.g., magnetic field, light, and ultrasound) into heat have been developed for minimally invasive and uniform hyperthermia [197] [198] [199] [200] [201] [202] [203] . Particularly, gold and carbon nanomaterials whose hyperthermal effects are triggered upon irradiation by noninvasive, deep-penetrating nearinfrared light (NIR) have been widely explored as efficient agents for photothermal therapy [34] [35] [36] 204] . Drugs bound to the large surface area or encapsulated in the interior of nanomaterials [205, 206] can be released in a controllable manner [33] when hyperthermia is induced. Moreover, nanoscale carriers can cross a tumor endothelium and passively accumulate in tumors owing to the leaky blood vessels and poor lymphatic drainage [207, 208] . Utilization of nanomaterials that allow the combination of photothermal and chemotherapy has proven to be an effective approach for cancer treatment [32] .
Gold nanomaterials, such as gold nanoshells (AuNSs), gold nanorods (AuNRs), and gold nanocages (AuNCs), exhibit unique size-and shapedependent optical and photothermal properties due to localized surface Fig. 5 . Synergistically induced anti-cancer effects by RNAi and chemotherapy. Apoptosis trigged by a chemotherapeutic agent is enhanced when a drug efflux pump (e.g., P-gp) or prosurvival protein (e.g., Bcl-2) is inhibited by RNAi. plasmon resonance (SPR) at the NIR region [209] [210] [211] [212] , with high biocompatibility and facile surface functionalization [213, 214] . Combined photothermal and chemotherapy via ablation of hepatocellular carcinomas both in vivo and in vitro was explored using gold nanoshells (AuNSs) [215, 216] consisting of a mesoporous silica nanorattle core and a thin outer gold shell [215] . Over 60% of docetaxel (DTX) encapsulated in PEGylated AuNS on silica nanorattle spheres (pGSNs) was released within 1 week. A synergistic killing of HepG2 cells both in vivo and in vitro was significantly improved compared to chemotherapy or photothermal therapy alone. In addition, transferin-conjugated pGSNs demonstrated effective targeting. DOX-loaded PEG-PLGA nanomicelles with a thin gold shell coating (DOX/PEG-PLGA@AuNSs nanocomposite) [216] with SPR absorption at 790 nm increased the intratumoral temperature to 50-70°C upon NIR laser irradiation and rapidly released DOX. This led to complete tumor eradication without weight loss or tumor recurrence. Biocompatible PLGA-based microspheres containing Paclitaxel (PTX) and hollow gold nanoparticles (HAuNPs) rapidly released PTX at elevated local temperatures upon NIR irradiation [217] Fig. 6. Nanocarriers combine chemotherapy with physically destructive modalities that induce tumor ablation (photothermal/magnetic) [218] [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] [236] 245, 246] , generate reactive oxygen species (photodynamic) [232] [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] , and form of free radicals (radiotherapy) to maximize cancer eradication [243] . [246] and demonstrated higher anticancer activity in vitro and in vivo than PTX/PLGA/HAuNPs microspheres alone (no NIR-irradiation) or PLGA/HAuNPs microspheres (no PTX) with NIR irradiation. DOXloaded, PEG-conjugated hollow gold nanoparticles (DOX/PEG/ HAuNPs) demonstrated NIR-triggered, pH-dependent DOX release led to greater antitumor activity and decreased systemic toxicity than free DOX or liposomal DOX [218, 219] . DOX-containing liposomes tethered with hydrophobically modified HAuNPs on the surface significantly increased DOX release via liposome phase transition and increased permeability only upon NIR irradiation [220] , resulting in significantly increased anti-tumor activity than liposomes alone, DOX alone, or DOX-free liposomes alone, both in vitro and in vivo. Mesoporous silica-coated gold nanorods loaded with DOX (pGNRs@mSiO 2 -DOX) led to significant damage in breast cancer cells in vitro and significantly suppressed tumor growth in mice upon NIR irradiation [221] . Gold nanocages (AuNCs) with hollow interiors and porous walls were further functionalized with calcium phosphate (CaP)-coated magnetic NPs (Fe 3 O 4 @CaP) as pore blockers preventing premature release of the entrapped drugs before reaching mildly acidic endosomes [222] . Decreased viscosity of surrounding fluid after NIR-triggered heating accelerated DOX release from the AuNCs, and revealed higher anticancer efficacy than the sum of cytotoxic effects of DOX-loaded AuNCs alone and DOX-free AuNCs with NIR-irradiation. The magnetic NPs bound to AuNCs showed the potential for magnetic resonance imaging (MRI) and target-specific drug delivery. Carbon nanomaterials, particularly nanotubes (CNTs) and graphenes, are NIR-absorbing photothermal materials that can be used for combined photothermal and chemotherapy [36, 223, 224] . The ultra-high surface area of carbon nanomaterials offers efficient molecular loading via covalent conjugation [225] and π-π stacking [226] . Carbon nanomaterials coated with biocompatible materials have been found to be cleared from body after systemic administration without noticeable toxicity in animals [227] . Mesoporous carbon NPs functionalized with polyethylenimine (PEI) and folic acid (FA) (FA/PEI/ MCNPs) [228] showed strong NIR absorption and high photothermal conversion efficiency due to the graphitic structure of MCNPs. Compared with chemotherapy or photothermal therapy alone, DOXloaded FA/PEI/MCNPs demonstrated synergistic therapeutic efficacy in FAR-overexpressing HeLa cells. RGD peptide-linked, DTX-conjugated single-walled CNTs (RGD/DTX/SWNT) [229] demonstrated higher tumor-suppressing efficacy upon NIR irradiation than DTX both in PC3 cell line and a murine S180 cancer model. Combined photothermal and chemotherapy using DOX-loaded PEGylated nanographene oxide (NGO-PEG-DOX) [230] demonstrated synergistically enhanced therapeutic effects with low toxicity in main organs. A targeted, combined photothermal and chemotherapy was also demonstrated in vitro using polyvinylpyrrolidone (PVP)-functionalized, folic acid (FA) conjugated NGO (FA-NGO-PVP) [231] .
Combined photodynamic and chemotherapy
Photodynamic therapy is a non-invasive, emerging clinical modality for cancer therapy with reduced side effects [232] . Upon activation by the proper wavelength of light, the photosensitizers generate highly reactive singlet oxygen by transferring energy to molecular oxygen, causing cell death and tissue destruction [233] . Combination with chemotherapy can maximize the therapeutic effect of photodynamic therapy, and there have been great efforts to develop various nanomaterials for co-delivery of photosensitizers and anticancer drugs.
Hematoporphyrin (HP)-modified, bovine serum albumin (BSA) NPs (HP-NPs) loaded with DOX were developed for combination chemophotodynamic therapy to treat liver cancer [234] . HP was utilized as a ligand for low density lipoprotein (LDL) receptors on the hepatoma cells and for its photosensitizing capabilities. Anticancer activity of HPNPs against human hepatocellular carcinoma HepG2 cells was significantly increased in vitro and in vivo, according to the irradiation time and number of PDT sessions. DTX-and zinc-phthalocyanine (ZnPc)-loaded "core-shell" NPs that were made of poly(ε-caprolactone) (PCL) and PEG block copolymers [235] showed sustained release of DTX, without ZnPc release, and singlet oxygen generation only upon irradiation at 610 nm. The ZnPc/DTX-loaded NPs exhibited high stability in the presence of serum proteins and a superior anticancer activity in an animal model of orthotopic amelanotic melanoma, as compared to DTX-loaded NPs. In another example, supramolecular selfassembled NPs were synthesized by host-guest interactions for chemo-photodynamic therapy against cisplatin-resistant cancer cells [236] . Modified porphyrin served as a guest molecule within the bridged β-cyclodextrin dimer host bridged by a platinum(IV) prodrug. Cellular uptake through endocytosis prevented cisplatin from being recognized by drug efflux pumps on the cell membrane, and cellular ROS were generated upon visible light irradiation, leading to synergistic anticancer activity. Photosensitizer tetrakis(4-carboxyphenyl)porphyrin conjugated with methoxy PEG (mPEG-por) was self-assembled into NPs incorporating DOX via π-π stacking interactions [237] . The DOXloaded mPEG-por NPs exhibited efficient anticancer activity both in vitro and in vivo upon laser irradiation. PTX was loaded into micellar carriers consisting of amphiphilic 4-armed, star-shaped diblock copolymers of methoxy PEG and PCL with a chlorin-containing core [238] . The resulting chlorin-core micelles rapidly released PTX under acidic conditions and synergistically improved the cytotoxicity against MCF-7 cells upon irradiation. Similarly, chlorin-core micelles encapsulating anticancer drug, SN-38, showed increased tumor accumulation via prolonged residence time in plasma, as compared to free camptothecin and synergistically inhibited tumor growth in a colon cancer xenograft model after light irradiation [239] . After 3 treatments with the micelles tumor regression was observed along with decreased microvessel density and cell proliferation. Nanoscale coordination polymer (NCP)-based core-shell NPs highly loaded with cisplatin and photosensitizer pyrolipid (NCP@pyrolipid) [240] released payloads upon laser irradiation, prolonged blood circulation times, and showed increased accumulation in tumor. Compared to monotherapy, NCP@pyrolipid exhibited superior efficacy in a cisplatin-resistant human head and neck cancer SQ20B xenograft murine model. DOX was conjugated with PEI-derivatized fullerene via a pHsensitive hydrazone linkage, and resulting C 60 -PEI-DOX [241] exhibited selective accumulation of DOX in the tumor and a synergistic antitumor efficacy with photodynamic therapy in an animal tumor model after intravenous injection. Diadduct malonic acid-fullerene (DMA-C 60 )-and DTX-encapsulating mPEG-PCL micelles (DMA-C 60 /DTX) [242] showed sustained release of the payloads and subsequently generated ROS in cancer cells upon irradiation with 532 nm light. Cells treated with DMA-C 60 /DTX and light irradiation underwent apoptosis at a greater magnitude than those treated with DTX micelles, demonstrating the photodynamically-augmented cytotoxicity of DMA-C 60 . Intravenous injection of DMA-C 60 /DTX with irradiation exhibited higher tumor suppression efficiency than DTX micelles in murine sarcoma tumorbearing mice.
Further modes of physical ablation
Radiotherapy utilizing high-energy radiation is commonly a part of cancer therapy in the clinic. Radiation therapy is quite successful at eradicating cancer cells, but with adverse side effects ranging from damaged heart and lung tissue to infertility and even in some cases, development of a secondary cancer [198, 199] . Furthermore, the cells in solid tumors are much more resistant to the treatment due to the hypoxic nature of the intratumor environment. One approach to circumvent this significant challenge in radiotherapy is the development of nanocarriers to combine chemotherapeutics with radiosensitizers to synergistically increase the effectiveness of radiation therapy. Certain nanomaterials can be utilized as adjuvant radiosensitizers in combination with other therapies such as tumor ablation. For example, HAuNPs capable of generating SPR effects for photothermal ablation can be easily loaded with chemotherapeutics while the gold particles serve as radiosensitizers [243] . Cisplatin-tethered AuNPs (Pt-AuNPs) were internalized into live patient-derived glioblastoma multiforme brain tumor cells and induced caspase-mediated cell apoptosis in vitro. Both Au and Pt of cisplatin, high atomic number radiosensitizers, emit ionizing photoelectrons and Auger electrons upon radiation. These high-energy electrons hydrolyzed intracellular water and led to the production of cytotoxic ROS for significantly inhibited the growth rate of cancer cells. The synergistic therapeutic effect reduced the visible cell population by one hundred thousand fold compared to untreated cells, and there was no further renewal of the cancerous cell population.
Magnetic nanomaterials can be employed in multi-modal treatments for tumor ablation, imaging, and controlled release [244] . Iron oxide NPs and a hydrophobic photosensitizer m-THCP, commercially used and known as Foscan, were loaded into the lipid bilayer of liposomes to pair magnetically induced hyperthermia and photodynamic therapy for tumor ablation [245] . The pairing led to complete tumor eradication in vivo but the individual treatments only inhibited tumor growth, indicating the strong synergistic effect. In another approach, superparamagnetic iron oxide NPs (SPIONs) conjugated with lysosomal protein LAMP1-targeting antibodies induced apoptosis upon rotation activation by exposure to a magnetic field [246] . The NPs accumulated along the membrane in lysosomes due to the conjugated antibodies in rat insulinoma tumor cells and human pancreatic beta cells. The increase in torque resulted in tearing of the membrane, followed by amplified expression of early and late apoptotic markers, and impaired cell growth. Since rotation of the magnetic NPs is controlled to affect only the tumor cells entered, this method may serve to be superior to previous attempts that use magnetic fields to create heat for tumor ablation, which can cause inflammation to healthy tissues.
Concluding remarks
Advances in understanding underlying molecular mechanisms of cancer biology have guided design of new therapeutic agents. However, monotherapies using a single therapeutic modality rarely catch up to the versatile nature of cancer and the rampant formation of drug resistance. A key dilemma in using one drug for cancer therapy is incorporating two desirable yet contradicting goals: acting on a specific target pathway and tackling multiple pathogenic pathways. Therefore, combinatorial therapies using multiple therapeutic agents together for generating synergistic effects is a logical and promising approach to combat cancer. Combinatorial approaches formulate the most effective and safe therapy in response to the dynamic nature of and drug resistances found in cancer. Despite the great promise of combinatorial therapies, it is indispensable to ensure that treatments are synergistic and complementary. In depth analysis of cancer pathways affected, feedback loops, alternative mechanisms, and genetic profiles must all be considered prior to combination of therapeutic agents. A simple combination of drugs based on their capacity for cell death will only increase systemic toxicity and may incur new resistances as cancer cells evolve over time. Employing nanotechnology in co-delivery of multiple therapeutic agents offers significant advantages, including normalized pharmacokinetics and pharmacodynamics, sustained bioavailability, targeted accumulation, and controlled and ordered drug release. Nanoplatforms hold functionalities that drugs alone do not possess, such as specific binding to target cells, generation of imaging signals, and responsiveness to external triggers. Nanomaterials' potential adverse effects need to be also considered when designing multi-modal therapies. Certain nanomaterials have been associated with oxidative stress, undesirable inflammatory responses, and genotoxicity [227, 247] . Critical evaluation is necessary of whether benefit outweighs the adverse effect and whether it is to a significant degree. In addition, the "combo" nanomedicine should not require significantly higher level of complexity and difficulty in manufacturing, characterization, and assessment. Taking therapeutics from bench to bedside is extremely challenging, and once again, the cost vs. benefit must be judiciously mapped out. The "combo" nanomedicine enables novel and new classes of multi-dimensional therapies in combination of chemotherapy, gene therapy, photothermal therapy, photodynamic therapy, and immunotherapy, which may ultimately serve to be a solution to overcome various resistances. It is of the utmost importance that collaborative efforts are taken in developing such therapies by combining the knowledge and expertise of cancer biology, nanotechnology, bioinformatics, and pharmaceutical development fields.
